INTRODUCTION
In the phylum Arthropoda, the evolution of wings occurred uniquely in insects and it is probably one of the most important factors responsible for their success because it must have given them a great advantage over other organisms due to their increased capacity for foraging, searching for mates and new habitats, and escaping from predators (Tanaka, 1994) . However, despite these advantages, some species have lost their capacity for fl ight by reducing the size of their wings or losing them completely during the course of evolution. In addition, some have become dimorphic for fl ight without any apparent modifi cation of the wings, whereas others shed their wings after adult emergence (Tanaka, 1994) . Wing dimorphism is a common feature of many species of insects, especially those belonging to the orders Orthoptera, Hemiptera, Ho mo ptera and Blattaria (Harrison, 1980; Roff, 1986) . A widely accepted hypothesis is that a trade-off exists between the capacity for fl ight and reproduction in insects with wing dimorphism (Roff & Fairbairn, 1991) . Substantial empirical evidence supports this hypothesis in females, where fl ightless females tend to have higher fecundity than those Eur. J. Entomol. 114: 267-274, 2017 doi: 10.14411/eje.2017.032
ORIGINAL ARTICLE
A 8-day-old virgin female was placed on one side of a plastic container (60 × 30 × 20 cm) and covered by a plastic cup to prevent her from moving in the container. Next, a 6-day-old virgin SW male and a 6-day-old virgin LW male were placed on the other side of the container and covered by another plastic cups, so that the SW and LW males were at an same distance from the female. At the start of the experiment, the plastic cups were removed and the female and males were allowed to move freely in the container. Mating success was defi ned as the transfer of a spermatophore from a male to the female during the mating. In order to clarify the difference in mating of LW and SW males, we performed four mating choice trials.
Experiment 2a: Effect of wing morph of female on mating success
A SW and a LW male were allowed to compete for a SW female and in a parallel experiment a SW and a LW male competed for a LW female. This was done in order to determine whether the morph of the female affected the outcome.
Experiment 2b: Effect of mating experience of SW males on mating success A virgin LW male and a SW male that had mated with a female 2 h previously were allowed to compete for a female.
Experiment 2c: Effect of age on mating success
In order to investigate the effect of age on mating competitiveness, 6-, 10-and 15-day old SW males matched with the same age LW males were allowed to compete for females.
Experiment 2d: Effect of de-altaion on mating success
A LW male from which the hind-wings had been removed using forceps on the day of adult emergence and a SW male were allowed to compete for a female.
Before starting an experiment, we determined the body weight, head width, and femur length of LW and SW males, and selected similar sized LW and SW males for use in the competition experiments in order to eliminate the effects of differences in body weight on their mating competitiveness. In the four mating choice trials, we recorded the percentages of LW males and SW males that mated with females, and the duration of courtship. If the mating success of SW males was signifi cantly higher than that of LW males, we recorded that the SW males had a mating advantage over LW males. In addition, we recorded the ratio of LW males that fought with SW males, and the probability of LW and SW males of winning in experiment 2a. The result of experiment 2a showed that wing form of females had no effect on the mating advantage of SW males over LW males, so LW or SW females were used randomly in experiment 2b, c and d and experiment 3.
Experiment 3: Effect of singing on mating competitiveness
Crickets produce songs by vibrating their wings, and their ability to sing is lost if their stridulitrum is removed, but their mating behaviour is not affected (Bailey et al., 2007) . To investigate the effects of singing on the mating competitiveness of males, the LW and SW males competing for a female were divided into three treatment groups: experiment 3a, an intact LW male was paired with a SW male with the left stridulitrum removed; experiment 3b, an intact LW male was matched with a SW male with both its left and right stridulitra removed; experiment 3c, the left and right stridulitra were removed from both the LW and SW males. In these three treatments, we recorded the percentages of LW males males sing less than fl ight-incapable males (Mitra et al., 2011) and have fewer mating opportunities (Crnokrak & Roff, 1995) . Compared with SW males, LW Gryllus texensis Cade & Otte (Orthoptera: Gryllidae) have a decreased propensity for courtship (Guerra & Pollack, 2007) and are less aggressive in agonistic encounters (Guerra & Pollack, 2010) . The SW males of Velarifi ctorus asperses Walker (Orthoptera: Gryllidae) have both a higher reproductive ability and fi ghting success than the LW males (Zeng & Zhu, 2012; Zeng et al., 2016) . These studies suggest that a trade-off between the fl ight capacity and reproduction does exist in wing-dimorphic male insects, but this trade-off appears to vary in different insect taxa.
The fi eld cricket, Velarifi ctorus ornatus (Shirake, 1911) (Orthoptera: Gryllidae), exhibits a distinct wing dimorphism. The LW morph with hindwings extending beyond its forewings and developed fl ight muscles can fl y whereas the SW morph with reduced wings and fl ight muscles cannot fl y. A physiological trade-off clearly exists between fl ight capability and reproduction in LW and SW adult females of V. ornatus but their gonad sizes are similar in LW and SW males (Zhao et al., 2010) . In a recent study, we found that the SW males reach sexual maturity earlier and have a higher mating frequency, greater spermatophore weight, and higher fertilization success than LW males (Zhao et al., 2016) , that is, there is a trade-off between fl ight capability and reproduction in males of the wing-dimorphic cricket V. ornatus (Zhao et al., 2016) . However, successfully acquiring a mating partner is essential for demonstrating that SW individuals have a reproductive advantage over their LW counterparts. Thus, in the current study, we determined the mating ability of SW and LW males when competing for mates. The aim of this study was to determine whether SW males have a mating advantage over LW males because their underdeveloped fl ight muscles might allow them to devote more resources to reproduction.
MATERIAL AND METHODS

Insects and rearing methods
The experimental crickets, V. ornatus, were obtained from an established laboratory colony, which originated from a population collected in May 2005 in Zhuzhou, China (27°48´N, 113°12´E). Newly hatched nymphs were raised in groups in plastic containers (60 × 30 × 20 cm) according to a previously described protocol (Zhao et al., 2010 (Zhao et al., , 2016 . On the day of adult emergence, the adults were transferred into another container (13 × 13 × 8.5 cm) and kept separately under a 16L : 8D photoperiod and 25°C prior to use in the following experiments.
Experiment 1: Mating
A previous study showed that the preoviposition period of adult females of V. ornatus is 9-10 days (Zhao et al., 2010) and males reach sexual maturity 6 days after adult emergence (Zhao et al., 2016) . Therefore, we paired 6-day-old virgin males with 8-dayold virgin females. A SW male was fi rst placed in a plastic container (13 × 13 × 8.5 cm) and a LW female was then placed in the same container to provide the male with a mating opportunity. The mating between the female and male was recorded using a digital camera (Nikon, D80).
and SW males that mated with females, as well as the duration of courtship.
Statistical analysis
Student's t-test was used to compare the body dimensions of LW and SW males. Mating success of SW and LW males in binomial choice trials was analyzed using a binomial test (the test probability was 0.5). The chi-squared test was used to compare mating success of virgin SW males and mated SW males, mating success of SW males competing for LW and SW females and the mating success of 6, 10 and 15-day old SW males. Mann-Whitney U test was used to compare courtship duration of LW and SW males in binomial choice trials. Kruskal-Wallis test was used to analyze duration of courtship among 6, 10, 15 day old males and stridulitra removed males.
RESULTS
Experiment 1: Mating
After a female was transferred into the container, the male began to sing and approached the female immediately (Fig. 1A) . Subsequently, the female moved close to the male in response to the singing of the male (Fig. 1B) . As the female approached the male, the male moved toward the front of the female and prepared to mate with her (Fig. 1C) . After the female made contact with the male, which was accompanied by the male occasionally tapping the female with his antennae, the male stopped singing and waited for the female (Fig. 1D) . Next, the female climbed onto the back of the male and received the spermatophore (Fig. 1E) . The female then left the back of the male after successfully receiving the spermatophore (Fig. 1F ) and then moved away from the male (Fig. 1G ). There were no signifi cant differences in the body weight, head width and femur length of the LW and SW males that competed for the same females (Table 1 , t-test, body weight: t = -1.651, P = 0.1; head width: t = -0.634, P = 0.526; femur length: t = -0.138, P = 0.890, n = 146). When LW and SW males competed for a female, all of them completed the mating within 15 min and there was no signifi cant difference in the duration of courtship of LW and SW males (Fig. 2B , Mann-Whitney U test, competing for SW females: z = -0.908, P = 0.364; competing for LW females: z = -1.611, P = 0.107). However, compared with LW males, the SW males had an obvious competitive advantage, as the mating success of SW males was about 67.6%, which was signifi cantly greater than the 32.4% recorded for LW males ( Fig. 2A , Binominal test, P = 0.003, n = 74 pairs) when the males competed for a SW female. Similarly, the SW males had a signifi cantly higher mating success than LW males (Fig. 2B , Binominal test, P = 0.006, n = 72 pairs) when the SW females were replaced with LW females. Furthermore, there was no difference in the mating success of SW males when they competed for LW and SW females ( Fig. 2A , χ 2 -test, χ 2 = 0.013, P = 0.908). In addition, the fi ghting success of LW and SW males was similar (Binomial test, P = 1.0) when they competed for the same female. So the mating advantage of SW males over LW males recorded in this study is not determined by differences in the fi ghting success of LW and SW males. When a virgin LW male and a SW male that had mated once with a female 2 h previously competed for a female, the percentage mating success of the SW males (64.2%) was signifi cantly greater than that of LW males (35.8%) (Fig. 3A , Binomial test, P = 0.012, n = 84 pairs). In addition, the mating success of virgin SW males and SW males with mating experience was similar (χ 2 -test, χ 2 = 0.032, P = 0.716). There was also no difference in the duration of courtship of LW and SW males (Fig. 3B , Mann-Whitney U test, z = -1.145, P = 0.252). 
Fig. 3. Effects of mating experience of the males on the mating preference of females and duration of courtship (+SE) by longwinged (LW) and short-winged (SW) males of Velarifi ctorus ornatus.
Asterisks indicate signifi cant differences between SW and LW males (Binomial test, P < 0.05).
Fig. 4. Effects of male age on the mating preference of females and duration of courtship (+SE) by short-winged (SW) (white bars) and long-winged (LW) (black bars) males of Velarifi ctorus ornatus.
Asterisks indicate signifi cant differences between LW and SW males (Binomial test, P < 0.05).
Experiment 2c: Effect of age on mating success
On day 6, 10 and 15 after adult emergence, the mating success of SW males was signifi cantly greater than that of LW males (Fig. 4A , Binomial test, 6 d: P = 0.005, n = 73 pairs; 10 d: P = 0.004, n = 78 pairs; 15 d: P = 0.001, n = 72 pairs) and the mating success of SW males was similar in the three treatments (χ 2 -test, χ 2 = 0.149, P = 0.92). There was also no signifi cant difference in the duration of courtship of LW and SW males (Fig. 4B , Mann-Whitney U test, 6 d: z = -1.6, P = 0.11; 10 d: z = -1.625, P = 0.104, 15 d: z = -0.12, P = 0.904) and the duration of courtship of SW and LW males were also similar in the three treatments (Fig.  4B , Kruskal-Wallis test, SW males: H 2 = 2.641, P = 0.267; LW males: H 2 = 0.244, P = 0.885).
Experiment 2d: Effect of de-altaion on mating success
Dealation signifi cantly improved the mating success of LW males as their mating success was similar to that of SW males (Fig. 5A , Binomial test, P = 0.242, n = 72 pairs) and it had no effect on the duration of courtship when dealate LW males and SW males competed for the same females (Fig. 5B , Mann-Whitney U test, z = -0.973, P = 0.33).
Experiment 3: Effect of singing on mating competitiveness
The mating success of SW males with the left stridulitrum removed on the day of emergence was signifi cantly greater than that of intact LW males competing for the same females (Fig. 6A , Binomial test, P = 0.038, n = 84 pairs). Compared with SW males, intact LW males had a much greater likelihood of mating when both the left and right stridulitra of SW males were removed after adult emergence (Fig. 6A , Binomial test, P = 0.023, n = 86 pairs). However, when the left and right stridulitra were removed from both SW males and LW males, the mating success of the LW and SW males was similar, and there was no signifi cant difference between them (Fig. 6A , Binomial test, P = 0.738, n = 80 pairs). The mating success and duration of courtship were both affected by the removal of the stridulitrum. There was no signifi cant difference in duration of courtship of intact LW males and SW males with one stridulitrum or both stridulitra removed on the day of emergence (Fig. 6B , Mann-Whitney U test, one stridulitrum removed: z = -1.036, P = 0.3; two stridulitra removed: z = -1.121, P = 0.262). However, stridulitra removal clearly increased the duration of courtship by LW and SW males compared to intact LW and SW males with one stridulitrum or two stridulitra removed (Fig. 6B , Kruskal-Wallis test, SW males: H 2 = 7.473, P = 0.026; LW males: H 2 = 18.843, P < 0.001), although the duration of courtship was similar in LW and SW males with stridulitra removed (Fig.  6B , Mann-Whitney U test, z = -1.611, P = 0.107).
DISCUSSION
The successful acquisition of a mate is necessary for males to produce offspring. Mating in V. ornatus is as follows, a male encounters a female, the male sings to attract 6 . Effects of stridulitra removal on the mating preference of females and duration of courtship (+SE) by short-winged (SW) (white bars) and long-winged (LW) (black bars) males of Velarifi ctorus ornatus. ROSS -remove one stridulitrum of SW; RTSS -remove two stridulitra of SW; RSSL -remove sridulitra both SW and LW. Asterisks indicate signifi cant differences between SW and LW males (Binomial test for mating success; Kruskal-Wallis test for duration of courtship, P < 0.05; ns -not signifi cant).
the female, which if she chooses to mate with the male then climbs onto the back of the male and accepts a spermatophore (Fig. 1) , at which stage they have mated successfully. Some females after approaching males, however, turn away and do not mate with them (data not shown), thereby indicating that mate selection occurs before a female decides to mate. For successful mating, females need to voluntarily climb on the back of a male, and thus the success or failure of mating is determined by the female choosing her mate rather than a female simply encountering a male.
Males often produce sex signals made up of many components, any of which might decide the success or failure of mating by males (Stoffer & Walker, 2012) . In the mating process in V. ornatus, the male attracts a female by singing after they encounter one another (Fig. 1) , but SW males were preferentially chosen by females (Fig. 2) . This result is similar to that reported for Pyrrhocoris apterus L. (Heteroptera: Pyrrhocoridae), in which the mating success of SW males is also signifi cantly greater than that of LW males (Socha, 2004) . However, unlike in Prokelisia dolus Wilson (Hemiptera: Delphacidae), where the competitive mating advantage of SW males is related to the wing morph of the females (Langellotto el al., 2000), both LW and SW V. ornatus females preferred SW males, so the mating advantage of SW males over LW males was not affected by the wing form of the females (Fig. 2) . Females mating with virgin males may obtain larger spermatophores and more sperm to fertilize their eggs resulting in greater fecundity (Jiménez-Pérez & Wang, 2004; King & Fischer, 2009 ) and therefore females preferentially mate with virgin males (Monceau & van Baaren, 2012; Muller et al., 2016) . The weight of spermatophore obtained by mating with experienced males is lighter than that obtained from virgin males (Zhao et al., 2016) . The mating ability of SW males, however, was not affected by mating experience (Fig. 3) . In addition, age has no effect on the mating ability of SW males (Fig. 4) . Thus, we infer that the enhanced mating advantage of SW males, compared to that of their LW counterparts, is associated with the loss of the ability to fl y, whereas LW males retain the ability to fl y at the expense of a reduced mating capacity.
A trade-off between fl ight-muscle development and reproductive success exists in wing-dimorphic males of V. ornatus (Zhao et al., 2016) . In addition, we found that the mating ability of SW males was signifi cantly greater than that of LW males (Fig. 2) . The enhanced mating ability of SW males may also be related to differences in the allocation of resources to fl ight muscles and reproductive organs in LW and SW males. After adult emergence, the weight of the fl ight muscles of LW males increases signifi cantly and reaches a maximum on day 3 and then decreases on day 5. In contrast, the fl ight muscles of SW males remain constant and are signifi cant lighter than those of LW males (Zhao et al., 2010) . Both the development of fl ight muscles and the production of sound require energy (Wagner, 2005; Mowles, 2014) , but in LW males, the fl ight muscles consume much more energy than those of SW males. That is, in not developing fl ight muscles SW males can allocate more resources to the development of their reproductive organs and producing a more attractive sex signal in terms of their song, which gives SW males a mating advantage. The above speculation was validated by the enhanced mating ability of dealated LW males (Fig. 5) . After removing the hind-wings, the fl ight muscles of LW individuals degenerate and their weight is similar to those in SW individuals (Tanaka, 1994; Zhao et al., 2010) . The dealated LW males do not need to develop and maintain their fl ight muscles (Tanaka, 1991) , so can allocate more resources to developing their reproductive organs and producing a more attractive song. As a result, the mating success of dealate males was similar to that of SW males when competing for the same females (Fig. 5) . These fi ndings are consistent with those recorded for the cricket G. fi rmus, in which dealation also increases the mating success of LW males (Mitra et al., 2011) .
The mating success of males can also be affected by their nutritional status and age (Weddle et al., 2012; Wang et al., 2016) . At 6, 10 and 15 days after adult emergence, the mating abilities of SW males were signifi cantly greater than that of LW males, and thus the mating advantage of SW males over LW males was not affected by age (Fig. 4) . On day 3 after adult emergence, the fl ight muscles reach their maximum development in LW males, and then begin to degrade but the degraded fl ight muscles in LW males are still signifi cantly heavier than those in SW males (Zhao et al., 2010) . The development of fl ight muscles and their maintenance consumes large amounts of energy (Tanaka, 1993) . Compared with SW males, LW males must allocate more resources than SW males to fl ight muscle maintenance, whereas SW males can allocate more resources to the production of attractive songs. Thus, the mating ability of SW males will be greater than that of LW males 10 and 15 days after adult emergence.
In many organisms, songs play a role in reproductive isolation, sexual selection, and territoriality (Doherty, 1985) . For example, fl ightless morphs of G. fi rmus sing more than the fl ight-capable morph and -fl ight muscle histolysis increases the mating success of long-winged males because it increases singing activity (Mitra et al., 2011) . In this study, when only one stridulitrum was removed from SW males and they were still able to produce songs, the SW males still had an obvious mating advantage over LW males (Fig. 6) . When both stridulitra were removed from SW males, however, they lost the ability to produce songs and their mating advantage over LW males (Fig. 6) . These results indicate that the mating advantage of SW males over LW males depends on the greater attractiveness of the songs produced by SW males. This hypothesis was validated by removing both stridulitra from LW and SW males. When both stridulitra were removed from LW and SW males, thereby eliminating their ability to produce songs, the LW and SW males had similar mating successes (Fig.  6 ). In addition, the duration of courtship was signifi cantly prolonged after stridulitra removal (Fig. 6) . The females of the sagebrush cricket, Cyphoderris strepitans Morris & Gwynne (Orthoptera: Haglidae) only mate with males that produce songs (Snedden & Sakaluk, 1992) . Based on the results of the present study, the difference in mating success of LW and SW males can be eliminated and duration of courtship extended, but nevertheless all the males successfully mated with females. These results indicate that the successful mating by females of V. ornatus depends on the sex signals males produce not only in terms of singing but also other signals. In fi eld crickets, the males produce various signals that might affect mating decisions, including different types of songs, tactile signals and chemical signals (Tregenza & Wedell, 1997) . However, the SW males of V. ornatus have a much stronger competitive ability than LW males due to their songs and females choose their mates based on the differences in the songs of LW and SW males.
The mating ability of males can be affected by their body weight (Deb et al., 2012) , age (Verburgt et al., 2010) and other factors. In the present study, we paired LW and SW males of similar ages and body weights in the same treatment (Table 1) , but the females nevertheless preferred SW males as mating partners (Fig. 2) . Thus, the mating advantage of SW male over LW males was not affected by the size and age of the individuals. Females may prefer to mate with SW males because of reproductive benefi ts. Compared with LW males, SW males produce heavier spermatophores and the success of fertilization by SW males is signifi cantly greater than that by LW males (Zhao et al., 2016) . Thus, females that preferentially mate with SW males can improve their likelihood of successful fertilization and produce more offspring and thereby increase their fi tness.
